ABSTRACT: Sponges have traditionally been viewed as rather unselective filter feeders, and therefore as potential biofilters to remediate microbial water pollution. Here we show that the assumed connection between the ability of sponges to feed on microbes and the potential biotechnological use of such an ability to reduce microbial pollution is more complex than assumed. In a laboratory feeding experiment combined with a transmission electron microscopy study, we assessed the potential of the marine sponge Hymeniacidon perlevis to ingest and digest 3 common pathogenic microbes occurring in coastal waters: 2 bacteria (Escherichia coli and Vibrio anguillarum), and 1 marine yeast Rhodotorula sp. All 3 microbes were ingested by the sponge, but selectively, at different rates and following different cellular mechanisms. Yeast cells were processed very atypically by the sponge. Differences in the ingestion and digestion pathways led to large differences in the effectiveness of the sponge to remove the microbes. While sponge grazing reduced the concentration of E. coli and Rhodotorula sp. to levels far below the initial values, sponges were ineffective in abating concentrations of the most infective bacterium, V. anguillarum. This bacterium, which was digested more slowly than E. coli, proliferated in the experimental flasks at much higher rates than it was grazed. These findings raise the question whether sponges are suitable for bioremediation of microbial pollution, since selective or preferential ingestion of certain bacteria by sponges may end up fueling growth of those grazed less, such as Vibrio spp.
INTRODUCTION
Sponges are filter feeders, except for a small family of predatory, carnivorous species. Sponge filter feeding is based on pumping ambient water through an intricate system of aquiferous canals that intersperses the body (see Simpson 1984) . Canals are typically lined by pavement-like cells (endopinacocytes) and may form small chambers lined by more columnar, monoflagellated, collar cells (choanocytes). When the seawater flowing through the incurrent canals enters a choanocyte chamber, flow velocity decreases drastically and the suspended particles are deflected towards the microvilli of the choanocytes. This process is facilitated by the currents created by the beating flagellum at the center of each choanocyte microvilli collar. The microvilli collar acts as a sieving basket, retaining particles transiently on its external side until they are subsequently phagocytosed by distal and lateral pseudopodia of the choanocyte. By this mechanism, sponges can retain viruses (e.g. Hadas et al. 2006) , bacteria and cyanobacteria (e.g. Reiswig 1971 , Pile et al. 1996 , Pile 1997 , as well as larger organisms, including yeast cells, heterotrophic and autotrophic flagellates, diatoms, and ciliates (e.g. Frost 1978 , Imsiecke 1993 , Pile et al. 1996 , Ribes et al. 1999 . Nevertheless, the filtering system is rather specialized in retaining picoplankton (size range 0.1 to 2 µm) with maximum efficiency, and somewhat less efficiently nanoplankton (2 to 20 µm), which together provide the bulk of the diet (e.g. Reiswig 1971 , 1990 , Pile et al. 1996 , Pile 1997 , Ribes et al. 1999 , Kowalke 2000 . There may be also additional incorporation of dissolved and colloidal organic matter (e.g. Stephens & Schinske 1961 , Schmidt 1970 , Reiswig 1971 , De Goeij et al. 2008 , as well as large particles phagocytosed not in the choanocyte chambers, but through the epithelial cells lining the internal aquiferous canals and the sponge surface (e.g. Willenz and Van de Vyver 1984) .
Laboratory studies have shown that pathogenic microbes, such as Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Pseudomonas aeruginosa, Vibrio angillarum, and Candida albicans, can be fed to sponges (e.g. Claus et al. 1967 , Kunen et al. 1971 , Van de Vyver et al. 1990 , Milanese et al. 2007 , Fu et al. 2006 . Laboratory results prompted suggestions that sponges could be integrated in both fish farms and urban waste water discharge systems, so that besides the benefit of rearing sponge biomass for potential biotechnological uses (cosmetics, natural products, aquariophily etc), the cultured sponges would contribute to decreasing bacterial loads in ambient seawater (e.g. Pronzato et al. 1998 , Milanese et al. 2003 , Fu et al. 2006 , Gifford et al. 2007 ). However, the assumed efficiency of marine sponges to deal with pathogenic bacteria and fungi in a real marine scenario can be deceiving, as this assumption has been derived almost exclusively from feeding experiments using enteric and freshwater microbes. The occurrence of C. albicans, E. coli and other assayed enteric bacteria in coastal waters typically results from terrestrial and freshwater contamination. These non-marine microbes have limited ability to survive and reproduce in seawater and their populations cannot optimally counterbalance grazing by sponges. In contrast, the only available experiment investigating clearance of a marine pathogenic bacterium (Vibrio anguillarum) by sponges found that the bacteria, rather than decreasing in number, proliferated in the experimental aquaria at the 2 concentrations assayed (Fu et al. 2006) . Plausible hypotheses are (1) that V. anguillarum was reproducing at a higher rate than grazed by the sponges, or (2) that it could infect the sponges during the experiment, causing diminished feeding. The latter hypothesis rests on the idea that sponges can concentrate large quantities of bacteria in their bodies before digestion, favoring their own infection. For instance, Spongia officinalis has been shown to accumulate fecal coliforms, fecal streptococci, and Vibrio sp. from the surrounding ambient water (Kefalas et al. 2003 , Stabili et al. 2008 . Furthermore, the accumulated bacteria gave rise to viable colonies when homogenates of sponge tissue were cultured in the laboratory, indicating that they were vital and not affected by digestion.
Another issue that potentially flaws some assessments of the potential of marine sponges to deal with pathogenic bacteria is the fact that sponges (and/or their symbiotic microbes) produce a wide spectrum of compounds with antibiotic properties against bacteria and fungi. Diffusion of such compounds from the sponge body to the water of the experimental aquaria could favor a rapid decrease in the concentration of suspended microbes, falsifying estimated clearance and retention rates.
Therefore, before discussing the effectiveness of marine sponges in the abatement of pathogenic microbes, it is necessary to corroborate that marine pathogens are actually digested and that grazing cannot be counterbalanced by microbial reproduction. In the present study 3 pathogenic microbes of both terrestrial and marine origin (2 bacteria and 1 yeast) were fed to the marine demosponge Hymeniacidon perlevis (Montagu, 1818) . In vitro grazing rates were determined and the fate of the pathogenic cells within the sponge body examined using electron microscopy.
MATERIALS AND METHODS
Experimental setup. Individuals of the thickly encrusting demosponge Hymeniacidon perlevis were collected (July 24, 2008) from tidal rockpools along the coast of Dalian (Yellow Sea, China), where they may be exposed to air during low tide (Fig. 1a,b) . All individuals were acclimated to laboratory conditions for 6 d in an enclosed system of re-circulating filtered sea water without food addition, which also allowed healing of accidental breakages caused at the basal surface (basopinacoderm) when detaching sponges from rocks by hand. Sponges (n = 66) used in the experiment were similar in biomass, averaging (± SD) 7.01 ± 1.97 g wet wt.
About 1 h before the onset of the experiment, each sponge was transferred to a 500 ml sterile, Erlenmeyer glass flask filled with 400 ml of 0.22 µm filtered natural seawater (Fig. 1c,d ). We fed sponges using 3 pathogenic microbes that are common in coastal waters: (1) Escherichia coli AS 1.1017 (provided by the Dalian Institute of Light Industry; Fig. 2a ), an opportunistic enteric bacteria able to survive transiently in seawater; (2) the marine Vibrio anguillarum II (provided by the Liaoning Institute of Marine Aquaculture Science; Fig. 2b,c) , a common pathogen of wild and farmed marine fish, mollusks, and crustaceans (e.g. Myhr et al. 1991); and (3) an undescribed species of red marine yeast belonging to the genus Rhodotorula (purified cultures provided by the Liaoning Institute of Marine Aquaculture Science; Fig. 2d ,e), able to produce opportunistic mycoses in vulnerable hosts (e.g. Gyaurgieva et al. 1996 , Alliot et al. 2000 , Groll & Walsh 2001 . For preparation of E. coli cultures, cells from a single colony grown on agar plate were inoculated into a 250 ml flask containing 100 ml of LB medium (w/v: 0.5% yeast extract, 1% peptone, and 1% NaCl in distilled water at pH 7) and incubated in an orbital shaker at 200 rpm and 37°C for 17 h. Cultures of V. anguillarum were carried out similarly to those of E. coli, except for use of 2216E medium (w/v: 0.5% peptone, 0.1% yeast extract, 0.01% ferric citrate, and 0.01% disodium phosphate in seawater at pH 7.6) and incubation at 28°C.
About 1 h after transferring sponges to the flasks, the experiment started by adding aliquots of the previously prepared microbial cultures to the sterile water of the flasks. Each microbe was fed to the sponges at 2 different (hereafter low and high) initial concentrations. For the bacterial treatments (i.e., Escherichia coli and Vibrio anguillarum), concentrations were 1 × 10 6 and 10 × 10 6 cells ml . During the experiment, flasks were continuously agitated (100 rpm) in orbital shakers at room temperature (18°C). Agitation ensured reoxygenation of seawater in the flasks, compensating for sponge and microbial respiration. It also avoided formation of gradients in microbe concentration, oxygen and excretes. Agitation was thought to facilitate reproduction of microbes, so that bacterial and yeast populations in the flasks had some chances to counterbalance sponge grazing as they would do in field conditions. We decided not to check for potential individual variability in pumping rates during the experiment as the use of water tracers could alter bacterial uptake dynamics in an unpredictable way. To assess changes in the concentration of microbes in the flasks over time, we collected an initial, 1 ml sample from each flask immediately upon onset of the experiment, which served as a starting reference (Time 0 = 12:00 h). Subsequently, flasks were sampled every 4 hours (16:00, 20:00, and 24:00 h) over a total period of 12 h. Each flask sampled for microbial concentration at a given time (n = 3 per food treatment, concentration and time level) was removed from the experiment and 2 cubic pieces (about 3 × 3 × 3 mm) of sponge tissue were excised and fixed for transmission electron microscopy (TEM). We implemented 2 different types of control treatment during the experiment. Sets of flasks that lacked sponges but receiving microbial food at low and high density served as controls for sponge grazing (n = 3 per microbe type, density treatment, and time level). An additional set of flasks containing sponges but not receiving microbial food served as controls (n = 3 per time level) for histological observations relative to the ingestion and digestion of microbes by the sponge cells.
Microbe counting. To examine changes in microbial concentrations in the experimental flasks over time, we collected seawater samples (1 ml) at Time 0, 4, 8, and 12, fixed them by adding 34% formalin (10 µl), and subsequently determined microbial concentrations by counting cells using a haemocytometer and a Nikon Eclipse TE2000-U compound microscope. Prior to counting Escherichia coli and Vibrio anguillarum samples, we added polyoxyethylene sorbitan monooleate Tween 80 (90 µl) to prevent cell aggregation, then stained with an additional 100 µl of the lipophilic fluo- rescenct dye, 1,1'-dioctadecyl-3, 3, 3', 3'-tetramethylindocarbocyanine perchlorate, prepared according to manufacturer instructions (Molecular Probes). To complete staining, samples were incubated at 30°C for 1 h in the dark. Cell numbers of E. coli and V. anguillarum were finally determined on 4 replicates (0.1 µl) of each sample. The number of Rhodotorula cells was also determined by haemocytometry but the process did not require previous staining because this yeast is a 3.6 µm, naturally colored cell which is very obvious under the compound microscope. Increases or decreases in the microbial concentration of each flask for each experimental period (4, 8, and 12 h) were normalized per hour and gram of dry sponge tissue after freeze-drying and weighing the sponge individuals used in the experiment. Transmission electron microscopy. Sponge tissue samples were fixed overnight in 2.5% phosphatebuffered glutaraldehyde, post-fixed in 2% osmium tetroxide for 1 h, dehydrated in an ethanol-graded series and embedded in Spurr's resin following procedures described elsewhere (Maldonado 2007) . Ultrathin sections were studied using a JEOL 1010 transmission electron microscope operating at 80 kV and provided with a Gatan module for acquisition of digital images.
RESULTS

Dynamics of microbe removal
Microbial concentrations in the flasks changed over time, following patterns that varied depending on microbe type. Control flasks revealed that Escherichia coli maintained a nearly constant concentration over the experiment, indicating that this bacterium can survive in seawater but is unable to reproduce (Fig. 3a,b) . Sponges effectively grazed on both high-density and low-density treatments of E. coli, reducing bacterial concentrations within the experimental flasks by about 60%, irrespective of initial density. The outcome was very different in Vibrio anguillarum flasks. Unlike E. coli, control flasks revealed that V. anguillarum was able to proliferate rapidly, reaching concentrations by the end of the experiment that were 3 times higher than the initial ones in the high-density flasks and up to 5 times higher in the low-density flasks (Fig. 3a,b) . This bacterium even proliferated faster in spongebearing flasks than in control flasks after 8 h in highdensity treatments (Fig. 3a) . Only in the low-density flasks, and after 8 h of treatment, were sponges able to exert a small,but detectable, grazing effect on the populations of V. anguillarum (Fig. 3b) . Nevertheless, such grazing was not intense enough to counterbalance bacterial proliferation, so that cell concentrations increased progressively in all flasks.
Control flasks of Rhodotorula sp. revealed that yeast concentration decreased in both high-density and lowdensity treatments, with final concentrations being only about 60% of the initial values (Fig. 4a,b) . Such dynamics suggested that the yeast was unable to reproduce during the experiment and that some undetermined factor(s) of our experimental setup (e.g. temperature, agitation, light levels, composition of autoclaved seawater, etc) had a moderate deleterious effect on it. In these conditions, sponges caused a substantial decrease (about 75 to 80%) of the yeast concentration within both high-density and low-density flasks, with most intense grazing taking place during the first 4 h (Fig. 4a,b) .
When grazing rates were corrected by average microbial decrease (or increase) in the control flasks and normalized per hour and gram of sponge organic dry weight (ODW), some interesting trends emerged (Fig. 5) . For Escherichia coli, the grazing rate calcu- lated for the initial 4 h period was consistently higher than that after 8 h, which in turn was higher than that after 12 h, irrespective of microbial density. This pattern was nearly opposite to that found for Vibrio anguillarum (Fig. 5 ). It appears that sponges slowed down grazing rates after an initial period of intense feeding on E. coli, probably to allow digestion of the ingested food before any further massive intake. In contrast, availability of V. anguillarum did not stimulate much grazing initially, suggesting that this sponge reluctantly feeds on V. anguillarum. Unlike for E. coli, grazing on V. anguillarum was stimulated only after 8 and 12 h, when concentration of the microbes in the aquaria had grown exponentially (Fig. 5) . Such a delayed stimulation of grazing was never sufficient to abate V. anguillarum concentrations below the initial experimental values (Fig. 3a,b) . Indeed, the aquaria with V. anguillarum at high density reached such high bacterial concentrations after 12 h that grazing rates could not be calculated, with equations yielding strongly negative values for all 3 assayed sponges (Fig. 5 ). Higher bacterial densities induced higher grazing rates in most cases, the effects of cell density being most evident when E. coli was fed to the sponges. Beyond the initial 4 h period, the effect of V. anguillarum density on grazing was difficult to assess, because proliferation of this bacterium in the experimental flasks became so intense that concentrations in the low-concentration flasks were not 'low' any longer, i.e. not equivalent to those of the E. coli treatment (Fig. 3) . Grazing on yeast took place at lower rates than those measured for bacteria. Yet the highest yeast concentration appeared to induce slightly higher grazing rates when calculated for the 4 and 12 h periods.
Histology of microbe intake
The histological study revealed that choanocyte chambers of Hymeniacidon perlevis are nearly spherical, measuring between 25 and 50 µm in lumen diameter (Fig. 6a,b ). Choanocytes were slightly amoeboid. Lateral expansions at their basis make them look like an inverted 'T' in section. They averaged 3 to 4 µm in maximum width and length ( Fig. 6a-d) . Choanocytes formed a relatively loose cell layer, with conspicuous, non-sealed intercellular spaces (Fig. 6c,d ), which do not appear to be a fixation artifact (see 'Discussion'). Control sponges, which remained in the experimental aquaria without bacterial food, showed very few phagosomes in their choanocytes after 4 h in the experiment (Fig. 6c) , probably because previously absorbed food had been either digested (Fig. 6d) or transferred to the underlying amoebocytes (Fig. 6e,f) for subsequent delivery to other mesohyl cells. Choanocytes of sponges fed with Escherichia coli showed only small phagosomes with digested bacterial cells (Fig. 7a) , indicating that digestion and assimilation of E. coli is a rapid, efficient process. In contrast, digestion of Vibrio anguillarum was more laborious. Choanocytes efficiently phagocytosed V. anguillarum at all times (Fig.  7b ) both in low-density and high-density treatments. However, choanocytes could not complete digestion of this bacterium (Fig. 7c,d ). Therefore phagosomes with semi-digested bacteria were transferred to the underlying amoebocytes (Fig. 7b,e,f) for further digestion. The inability of choanocytes to break down V. anguillarum cells may account for the low grazing rates measured for this bacterium relative to those measured for E. coli (Fig. 5) . We never observed abnormal accumulation or proliferation of V. anguillarum within the choanocyte chambers. Likewise, sponges never showed signs of being infected by V. anguillarum. Rather, histological sections indicated that these bacteria always occurred in intracellular vacuoles in which they were digested. In both choanocytes and amoebo- cytes, several V. anguillarum cells often appeared together in a single digestive vacuole ( Fig. 7b-f) . The TEM study of yeast-fed sponges revealed that Rhodotorula cells often appeared within membranebound vesicles in the amoebocytes that surround the choanocyte chambers but never within the choanocytes (Fig. 8a-d ). These observations strongly suggested that choanocytes were unable to phagocytose Rhodotorula cells. This is not surprising, since yeast cells (3 to 4 µm in diameter) were nearly as large as the choanocytes themselves (Fig. 8a-c) . In contrast, amoebocytes typically measured 10 to 20 µm, and were able to engulf up to 2 yeast cells (Fig. 8d -f) . Within the amoebocytes, yeasts showed distortion, shrinkage, wall dissolution and lysis as signs of being digested (Fig. 8d -f ). Given that choanocytes did not capture yeast cells, the question arose how these cells entered the cytoplasm of amoebocytes. We noticed that amoebocytes were able to engulf yeast cells directly from the chambers after transiently leaving the mesohyl to enter the choanocyte chambers through the wide intercellular spaces between choanocytes (Fig. 9a-c) . Additionally, small groups of undigested yeast cells were seen intercellularly in the mesohyl adjacent to the choanocyte chambers (Fig. 9c,e) . It is likely that choanocytes allowed yeast cells to enter the mesohyl (see 'Discussion'), probably by regulating the width of the intercellular spaces in the choanocyte chamber. The yeasts that occurred intercellularly in the mesohyl never showed signs of infecting the sponge. Rather, histological sections suggested that they were rapidly surrounded by aggregating amoebocytes (Fig. 9d,f) , probably to be engulfed afterwards.
Yeast cells were also phagocytosed directly from the seawater by the epithelial cells (endopinacocytes) lining the walls of the aquiferous canals (Fig. 10a-c) . In the mesohyl, pinacocyte-like cells occur which are charged with yeast cells (Fig. 10d) . This suggested that endopinacocytes, after phagocytosis of yeast cells, migrated into the mesohyl either to complete digestion or to transfer the collected yeast to other cells. Interestingly, there were several instances of large amoebocytes phagocytosing yeast cells that had previously been phagocytosed by another sponge cell (Fig. 10e,f) . The appearance of the inner, thin cytoplasmic band around these twice-phagocytosed yeasts suggested that the former cell bearing the yeast could be an endopinacocyte.
DISCUSSION
Since Van Weel (1949) and Kilian (1952) confirmed that particles smaller than approximately 5 µm are ingested mostly by choanocytes while larger particles are ingested by the cells of the internal and external epithelia (endopinacocytes and exopinacocytes, respectively), the question whether sponges are able to discriminate food particles according to features other than size has hardly been asked. However, a few studies have clearly demonstrated that at least some sponges may perform a size-independent selection of the ingested microbes (e.g. Frost 1976 , 1980b , Van de Vyver et al. 1990 , Yahel et al. 2006 , Wehrl et al. 2007 ). Likewise, the outcome of our experiment supports that feeding in Hymeniacidon perlevis is a selective process. . Grazing rate (mean ± SD) estimated for the pathogenic microbes in the high-density (HD) and low-density (LD) flasks after standardizing into per gram of dried sponge tissue, hour, and ml of seawater, and after correcting for control concentrations. Note that hourly grazing rates not only varied with microbe type and density, but also when calculated for periods of different duration (0, 4, 8, and 12 h) . Proliferation of Vibrio anguillarum in the high-density treatment was so intense after 12 h that it overrode any sponge grazing effect, making the calculation of actual grazing rates impossible, which yielded extremely negative values when the formula was applied. E. coli: Escherichia coli; ODW: organic dry weight Normalized grazing rates calculated for a 4 h period clearly showed that grazing was more effective on Escherichia coli than on Vibrio anguillarum at both high and low cell density. A similar result was obtained for grazing rates calculated through an 8 h period, with the exception that in this case the 'low-density' food treatment of V. anguillarum was outgrown by the the nearly exponential bacterial proliferation (Fig. 3b) . Because size differences between E. coli (0.4 × 1 µm) and V. anguillarum (0.6 × 1.1 µm) are minimal, the substantial differences found between their respective grazing rates must be explained by the sponge being able to readjust the intake rate of each bacterium in response to features other than size. Digesting V. anguillarum appeared to be a more laborious process than digesting E. coli. This may also have accounted for differences in grazing rate. The demonstrated ability of at least some sponge species to selectively intake 'food particles' by features other than size advises caution when using polystyrene, latex beads and other artificial, inert materials to investigate retention and clearance rates as well as to trace ingestion and digestion pathways. The mechanism used by sponges to qualitatively discriminate between bacteria remains enigmatic. In the case of Vibrio anguillarum, the occurrence of a flagellum, which is likely to be beating within the choanocyte chambers during the process of phagocytosis, might well complicate the engulfing by the choanocytes. However, Wehrl et al. (2007) reported that retentions rates of hyperflagellated and hypoflagellated Vibrio mutants were similar to that of the respective wild-type strain. Therefore, it has to be considered that choanocytes are actually able to discriminate bacteria by perceiving characteristic wall compounds, as suggested by Wehrl et al. (2007) . Not surprisingly, choanocytes are long known to be able to identify conspecific spermatozoa among the many particles that the inflow takes to the choanocyte chambers. They selectively ingest spermatozoa in a special vacuole that, unlike bacterium-containing vacuoles, skips digestion and is finally transferred to the oocyte for eventual fertilization (e.g. Gatenby 1920 , Tuzet & Pavans de Ceccatty 1958 , Nakamura & Okada 1998 , Riesgo et al. 2007 ). Whatever the discriminating mechanism, the fact that sponges can distinguish between different microbes at ingestion is of major importance in terms of their potential application for bioremediation. If sponges that are deployed to reduce microbial pollution start grazing more effectively on some non-pathogenic bacteria than on alternative pathogenic microbes such as V. anguillarum, this may end in facilitating proliferation of the pathogenic forms and aggravating, rather than mitigating, the problem.
Our experiments also revealed that grazing rates by Hymeniacidon perlevis were dependent on microbe concentration. Although many studies have found that grazing and retention rates are independent of food concentration (e.g. Reiswig 1971 , Frost 1978 , 1980a ,b, Wehrl et al. 2007 ), our results are consistent with a previous study on H. perlevis, which also showed a significant effect of bacterial concentration on the sponge grazing rate (Fu et al. 2006) . The diversity in the outcome of different studies suggests that sponge feeding cannot be properly explained by a merely mechanistic filtration model and that a wide array of situations appear to occur, depending on the specific food organism and the sponge species. It is also noteworthy that grazing rates in our experiment were higher when calculated over a 4 h period than over 8 or 12 h. Most probably, sponges were continuously pumping water and retaining most food particles for the first few hours (i.e. 4 h) after the initial food pulse. Then, at some point, they started alternating periods of high and low retention (or pumping activity) to allow choanocytes and adjacent amoebocytes to process the ingested material. Nevertheless, the fact that we never found accumulation of microbes in the choanocyte chambers (not even after very high bacterial densities were reached in the flasks containing Vibrio sp.) suggests that sponges were pumping water almost continuously during the experiment, irrespective of food retention. Under conditions of food oversupply, continuous pumping may be required to prevent clogging of choanocyte chambers, to maintain oxygen supply and to facilitate shedding of egested materials and excretes.
Yeast cells were grazed at lower rates than bacteria during the experiment, particularly in the high-density treatment. This is in good agreement with several previous studies also using large Rhodotorula cells as sponge food (e.g. Frost 1978 Frost , 1980a . Those low grazing rates were probably caused by choanocytes of Hymeniacidon perlevis being unable to phagocytose yeast cells, so that alternative pathways have to be used for ingestion and digestion. We noticed 3 different mechanisms for yeast processing: (1) ingestion by endopinacocytes of the incurrent canals; (2) ingestion by amoebocytes that entered the choanocyte chambers; and (3) direct transit of yeast cells from the choanocyte chambers to the adjacent mesohyl through intercellular spaces between choanocytes. All 3 mechanisms had previously been noticed at some level by different authors (see below). It is long known that the endopinacocytes of the incurrent canals are able to engulf yeast cells, microalgae, and latex beads larger than 4 to 5 µm (reviewed by Simpson 1984) . More surprising was our finding that amoebocytes can enter the choanocyte chambers of H. perlevis. Nevertheless, there were also reports that amoebocyte-like cells are able to enter the incurrent canals to engulf large particles (Minchin 1900 , Kilian 1952 ; amoebocytes can also enter the spermatic cysts to 'predate' on developing spermatocytes and to remove waste spermatozoa (Riesgo et al. 2008) . The direct transfer of particles from the choanocyte chambers to the adjacent mesohyl through intercellular spaces is another unconventional pathway that we noticed and that has seldom been reported in the literature. Nevertheless, intercellular spaces between choanocytes have been described in many sponges (e.g. Langenbruch 1988 ). Openings also occur in the epithelium of the incurrent canals, facilitating the wandering of mesohyl cells back and forth into the canals, as well as the transfer of large food particles from the canals to the mesohyl (Weissenfels 1975 , De Vos 1979 , Simpson 1984 . We discovered an additional unconventional pathway for yeast digestion, which, to our knowledge, has not been previously described for sponges. We found several instances (Fig. 10e,f ) of large amoebocytes having phagocytosed another entire sponge cell (putatively an endopinacocyte) that had previously engulfed the yeast cell.
In summary, our findings strongly support the emerging view that retention, ingestion, and digestion of microbial food are complex processes that may notably vary between sponge species, and also be dependant on the nature, size and concentration of food particles. We suggest that, before deciding on the use of a particular sponge species as a biofilter to abate microbial pollution in marine environments, preliminary tests should establish that the sponge candidate effectively feeds on the microbial targets and does not select against any relevant pathogenic species. 
